In organic farming systems, the cultural management practices play a vital role in disease management techniques. Planting materials should be clean, vigorous and pathogen-free; and transplanting should be maintained at the best possible growing conditions. Varieties chosen should be disease-resistant and effective disease control management of *Botrytis cinerea* in lettuce production in the greenhouse should be applied ([@b7-ppj-30-90]; [@b19-ppj-30-90]).

In Korea, leaf lettuce is commonly used as wrap-up vegetable and as a main ingredient in salads. It is widely grown commercially under greenhouse and hydroponic conditions ([@b12-ppj-30-90]; [@b16-ppj-30-90]). In 2011, in Korea, there were more than 4,691 ha of leaf lettuce grown in both greenhouse and in open field with an estimated economic value of USD 376 million.

Lettuce cultivars are host for 17 kinds of plant pathogens, such as gray mold, downy mildew, sclerotinia rot, powdery mildew, bottom rot, phytophthora rot, fusarium wilt, soft rot, bacterial spot, lettuce mosaic virus, and leaf yellowing. These diseases resulted to the loss of lettuce crops worth millions of dollars throughout the world every year ([@b3-ppj-30-90]; [@b5-ppj-30-90]).

Gray mold caused by the fungus *B. cinerea* has been considered as a major disease in greenhouse-grown lettuce. The romaine lettuce variety and some iceberg lettuce are susceptible to *B. cinerea* in infected fields. The occurrence of gray mold is most prevalent during cold season from February to April ([@b3-ppj-30-90]; [@b20-ppj-30-90]).

*B. cinerea* can survive on plant debris, as secondary inoculum on numerous crops and weed hosts, and as sclerotia in soil. Airborne conidia rapidly germinate and colonize target tissue and damaged lettuce stems and older leaves ([@b3-ppj-30-90]; [@b5-ppj-30-90]; [@b20-ppj-30-90]). Initially, the infected area appears to be water soaked, and as the infection progresses the lesion color changes from brown to gray. The disease can spread from the leaves to the stem and, affected areas rapidly turn soft and rotten. On the other hand, the gray fuzzy mycelium that is usually seen on gray mold infected plants may not always be present on lettuce ([@b6-ppj-30-90]).

Chemical fungicides can provide excellent control of some pathogens, however, fungicide resitance might occur when expected levels of disease control are no longer achieved with the recommended dose. Benzimidazole and *N*-phenylcarbamate fungicides have caused the emergence of multi-resistant *B. cinerea,* known to be distributed worldwide including Korea ([@b13-ppj-30-90]; [@b14-ppj-30-90]) and laboratory mutants resistant to QoIs were recently isolated and characterized in Japan ([@b1-ppj-30-90]). Facility cultivation had increased, and with the emergence of fungicide-resistant isolates of *B. cinerea*, eco-friendly pest management measures are needed ([@b13-ppj-30-90]).

This study aimed to identify resistant accessions from lettuce germplasm used in the leaf lettuce production system, and to breed new cultivars resistant to gray mold. Field and greenhouse assays were developed and compared in determining whether greenhouse assays could be productively used for cost efficient screening of resistant germplasm.

Diversity of 212 accessions of lettuce germplasm
================================================

Cultivated lettuce cultivars are classified into horticultural types based on head leaf shape, size, and texture. The genus *Lactuca* comprises about 100 species; however, the number of taxa differs from one author to another. Considerable progress in both fundamental research on *Lactuca* germplasm and its practical applications has been achieved during the last 25 years in the U.S.A. Cultivated lettuce and wild lettuce are infecsted by the same insect pests and diseases ([@b10-ppj-30-90]).

The National Agrobiodiversity Center (NAC) of the Rural Development Administration (RDA), Korea provided the 212 accessions of lettuce germplasm which were introduced from 35 countries ([Table 1](#t1-ppj-30-90){ref-type="table"}). The 212 accessions of lettuce germplasm consisted of five species: *L. sativa* (193), *L. sativa* var. *longifolia* (2), *L. sativa* var. *crispa* (2), *L. saligna* (2), and *L. serriola* (1). Looseleaf-lettuce is a main leaf type of lettuce germplasm and accounted for 63.7% of the total tested lettuce germplasm ([Table 1](#t1-ppj-30-90){ref-type="table"}).

To cope with the insect pests and diseases affecting lettuce, plant breeders constantly introduced improved lettuce varieties. Among the improved varieties, *L. serriola* was found to be resistant to downy mildew, corky root and big vein; and *L. saligna* variety was found to be resistant to looper, downy mildew, infectious yellow, and cucumber mosaic. *L. virosa* has been used in lettuce breeding to obtain cultivars with improved color, root system, and texture ([@b15-ppj-30-90]). Some species in the lettuce's gene pool, *L. serriola*, *L. saligna* and *L. virosa*, are weedy and occurred on waste places and habitats ([@b11-ppj-30-90], [@b10-ppj-30-90])

Preparation of lettuce seedlings and inoculation of pathogen
============================================================

Twenty seeds of each tested accession were replicated and disinfected with 2% NaOCl for two hours. Disinfected seeds were washed with tap water three times before pre-germinating on moist filter paper in Petri-dishes at 25°C for one-week in dark condition. Eighteen seeds of pre-germinated lettuce germplasm were sowed into 120 holes plug pots filled with peat moss as an artificial soil. The lettuce seedlings were grown for 70 days in the green-house and were watered every other day. None of the lettuce germplasm was sprayed with fungicides.

The gray mold pathogen, *B. cinerea* (KACC40573) was obtained from the Korea Agricultural Culture Collection (KACC) of the RDA. The artificial inoculum method of *B. cinerea* as reported by Choi et al. (2009) was modified. One mycelial plug (6 mm diameter) was taken from an actively growing culture of *B. cinerea* on Potato Dextrose Agar medium (PDA; 200 g potato, 20 g dextrose, and 17 g agar in 1 L distilled water). Each plug was placed at the center and grown on PDA at 20°C for five days. To induce conidia spores, an agar plate with fungal hyphae was placed under florescent light for 24 hours. The conidia suspensions were prepared from seven-day-old PDA cultures by dislodging spores from the surface of the cultures with a sterile paint brush in sterile distilled water. Then, the concentration of conidia suspensions was adjusted to the 3×10^7^ conidia/ml by a hemacytometer.

Disease evaluation on biological assay
======================================

70 days old seedlings of 212 accessions of lettuce germplasm were tested with 15 replicators and inoculated with conidial suspension (3×10^7^ conidia/ml) of *B. cinerea.* Gray mold disease caused by *B. cinerea* could appear on plants at all stages although initial infection often occurs at the seedling stage in the greenhouse. The temperature in the bad was initially set to 18--21°C with saturated humidity at one days after inoculations. Then the temperature range was $$\begin{array}{l}
{\text{Disease incidence }(\%)\, =} \\
{\,\,\,\,\,\frac{\text{Total}\,\text{number}\,\text{of}\,\text{infected}\,\text{plants}}{\text{Total}\,\text{number}\,\text{of}\,\text{examined}\,\text{plants}} \times 100} \\
\end{array}$$lowered to 18--24°C and relative humidity was maintained 90% at 28 days after inoculations for the duration of gray mold disease. The experiment was conducted twice in a completely randomized design. It is known that the gray mold pathogen infest of plant cell walls, disintegrating the quality of pectin pectinase secretion ([@b8-ppj-30-90]). Lettuce seedlings appeared to be damping off, while older plants rot at the stem or on lower leaves in contact with the soil. Usually, high humidity promotes *B. cinerea* activity, which cause blight or rotting of leaves, flowers and fruits at all stages of maturity ([@b21-ppj-30-90]).

Disease severity was determined for 28 days with seven days interval after the inoculation of conidia suspension. We assessed the severity of gray mold rot symptoms by assigning symptom grades based on visual inspection, as well as by measuring healthy and diseased root tissues. The visible symptoms that appeared sequentially were crown rot, stem lesions, plant wilt, leaf defoliation, and damping-off. The disease incidence of each tested accession of lettuce germplasm was determined using the following formula.

*B. cinerea* gray mold disease resistance level was graded with the disease incidence: Resistant denotes 0% of disease incidence, moderate resistance denotes less than 20% of disease incidence, susceptible denotes 20.1% to 80.0% of disease incidence, and highly susceptible signifies 80.1% or higher of disease incidence ([Table 2](#t2-ppj-30-90){ref-type="table"}).

Lettuce infected with *B. cinerea* started to wilt, lower leaves, turned yellow to brown, and then the entire plant totally dried up. The primary symptoms of the gray mold disease include wilting of plant accompanied by a fuzzy gray sporulation at the plant base, which contains masses of conidia of *B. cinerea*. Sclerotia may also be present on infected tissue in the later part ([@b3-ppj-30-90]; [@b5-ppj-30-90]).

At 7 days after inoculation of *B. cinerea*, water soaked disease symptoms in leaf began to appear in susceptible lettuce germplasm. Among the 212 accessions of lettuce germplasm, 80 accessions were onserved to be highly susceptible with 47.0% disease incidence in leaves, while seven accessions of lettuce germplasm had 13.0% disease incidence or no symptoms ([Table 2](#t2-ppj-30-90){ref-type="table"}, [Fig. 1](#f1-ppj-30-90){ref-type="fig"}).

At 14 days after inoculation, 63 (29.7%) accessions of lettuce germplasm had less than 47.0% of disease incidence; while 149 susceptible accessions of lettuce germplasm had more than 53.0% of disease incidence ([Table 2](#t2-ppj-30-90){ref-type="table"}). Two of 149 accessions of lettuce germplasm, loose-leaf (IT K151567) and butterhead (IT K153764) were highly susceptible with more than 80.0% of disease incidence and had symptoms such as brown or tan lesions with darker halo, plant wilt, and leaf defoliation ([Fig. 2](#f2-ppj-30-90){ref-type="fig"}).

At 21 days after inoculation, three accessions of lettuce germplasm showed resistance and one accession showed moderate resistance to *B. cinerea*. Almost 208 susceptible accessions of lettuce germplasm had having more than 67.0% of disease incidence ([Table 2](#t2-ppj-30-90){ref-type="table"}).

At 28 days after inoculation, only one accession of lettuce germplasm, *L. sativa* (K021055) was found to be high moderatly resistant and scored less than 20% of disease incidence to *B. cinerea.* Three accessions of lettuce germplasm, *L. sativa* (IT908801), *L. saligna* (K000598), and *L. saligna* (K000599) proved to be resistant to gray mold disease. Almost 208 accessions were shown to be highly susceptible and scored 100.0% of disease incidence ([Table 3](#t3-ppj-30-90){ref-type="table"}, [Fig. 3](#f3-ppj-30-90){ref-type="fig"}). Leaves and stems on or near the soil turned light brown and develop gray or brown fuzzy growth of fungal spores. Infected plants wither and rot and often develop flattened hard black masses, called sclerotia, under rotted parts ([Fig. 1](#f1-ppj-30-90){ref-type="fig"}).

At 35 days after inoculations, two resistant germplasm (K000598 and K000599) classified as *L. saligna* showed 100% resistance two *L. sativa* (IT908801 and K021055) showed 80% resistance ([Table 3](#t3-ppj-30-90){ref-type="table"}). *L. saligna* is a weed by characteristic found in both lowland and highland areas and is widely distributed over the Mediterranean Basin and extends to the Caucasus and to Europe as far as Central Germany and Southern Russia ([@b4-ppj-30-90]). This species is currently considered to be the most important source of highly resistant and non-host specific lettuce germplasm ([@b9-ppj-30-90]; [@b17-ppj-30-90]).

We have been able to estimate a biological assay of the resistance of lettuce germplasm *to B. cinerea*. Among the 212 accessions of lettuce germplasm, 208 accessions (98.0%) scored 100% disease incidence of gray mold at 35 days after inoculation. Only four accessions of lettuce germplasm showed resistance to gray mold disease at 35 days after inoculation. Fortunately, two gray mold resistant germplasm classified as *L. saligna* exhibited 100% disease resistance.

The necrotrophic fungi, *Sclerotinia sclerotiorium* and *B. cinerea* secrete oxalic acid as a pathogenicity factor. [@b22-ppj-30-90] showed that the aggressiveness of *B. cinerea* is linked to an oxidative burst-suppressing agent that suppresses HR. The precise role of HR in the interaction between *B. cinerea* and its hosts thus remains to be elucidated. Interestingly, on wild type Arabidopsis plants, the oxalate-degrading bacteria can reduce *B. cinerea* symptoms by more than 50% ([@b18-ppj-30-90]). Furthermore, plants expressing a fungal cutinase targeted to the cell wall show a strong resistance to the soft rot pathogen *B. cinerea* compared to wild types ([@b2-ppj-30-90]). Finally, Chen et al. (2013) showed that overexpression of *AtWRKY28* and *AtWRK75* induced oxidative burst in host plants, which suppressed the hyphal growth of *S. sclerotiorum*, and consequently inhibited fungal infection.

This study revealed that the four candidate accessions could be used as breeding sources for the gray mold resistance lettuce breeding program. Also, further genetic studies should be carried out to verify the results of this study with the overall focus of providing information on important characteristics of lettuce germplasm in the interest of safe agriculture production and eco-friendly organic farming.

This study was carried out with the support of "Cooperative Research Program for Agricultural Science & Technology Development (Project No. PJ00912704), Rural Development Administration, Republic of Korea.

![Photographs show the preparation of lettuce seedlings (A) and the occurrence of gray mold caused by *Botrytis cinerea* after inoculation (B, C).](ppj-30-90f1){#f1-ppj-30-90}

![Occurrence of gray mold disease symptoms caused by *Botrytis cinerea* after artificial inoculation (A, B). Sporulation of *B. cinerea* (BC) was observed on rotted stem and leaves (C, D).](ppj-30-90f2){#f2-ppj-30-90}

![Comparison of susceptible accession (A, B) and resistant accession, (C, D) of lettuce germplasm against gray mold at 28 days after inoculation with 3×10^7^ conidial suspension of *Botrytis cinerea.*](ppj-30-90f3){#f3-ppj-30-90}

###### 

Origin and characteristics of 212 accessions of lettuce germplasm

  Species                                                                                                                                   Origin                                                                                                                                                                                                                                                                                                                                                                                                                                                                             Leaf type                                                                                              Variety
  ----------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------ ----------------------------------------------------------------------------------
  *Lactuca sativa* (193), *L sativa* var. *longifolia* (2), *L sativa* var. *crispa* (2), *L saligna* (2), *L serriola* (1), Unknown (12)   USA (34), Korea (32), Netherlands (27), Russia (19), Bulgaria (13), Canada (9), United Kingdom (9), Spain (5), China (4), Japan (4), Malaysia (3), Italy (3), Germany (3), Ukraine (2), Portugal (2), Hungary (2), France (2), Costa Rica (2), Australia (2), Vietnam (1), Uzbekistan (1), Uruguay (1), Thailand (1), Switzerland (1), Poland (1), Mexico (1), Laos (1), Kazakhstan (1), Israel (1), Iran (1), Egypt (1), Czechoslovakia (1), Cuba (1), Brazil (1), Unknown (19)   Looseleaf (135), Butterhead (27), Romain (18), Crisphead (16), Iceberg (14), Hybrid (2), Prickly (1)   Cultivar (120), Local (49), Inbred line (18), Hybrid (2), Wild (2), Unknown (21)

###### 

Evaluation of resistance against gray mold disease, caused by *Botrytis cinerea*, among 212 accessions of the lettuce germplasm

  Level of resistance    Disease incidence (%)   No. of accession in lettuce germplasm               
  ---------------------- ----------------------- --------------------------------------- ----- ----- -----
  Resistant              0                       4                                       3     3     3
  Moderately resistant   0.1 \<= 20.0            54                                      1     1     1
  Susceptible            20.1 \<= 80.0           154                                     208   76    0
  Highly susceptible     80.1 \<= 100            0                                       0     132   208

###### 

Attributes of four accessions of candidate gray mold resistant germplasm

  IT Number   Species             Accession name   Origin       Leaf type   Variety        Disease incidence[^\*^](#tfn1-ppj-30-90){ref-type="table-fn"} (Mean ± SD, %)
  ----------- ------------------- ---------------- ------------ ----------- -------------- ------------------------------------------------------------------------------
  908801      *Lactuca sativa*    100              Uzbekistan   Looseleaf   Cultivar       20.0(±2.1)
  K021055     *Lactuca sativa*    NAPKOR           Hungary      Looseleaf   Cultivar       20.0(±1.2)
  K000598     *Lactuca saligna*   1625             U.S.A.       Looseleaf   wild species   0.0(±0.0)
  K000599     *Lactuca saligna*   1629             U.S.A.       Looseleaf   wild species   0.0(±0.0)

At 35 days after inoculation with 3×10^7^ conidia/ml of *Botrytis cinerea.*
